Sub-100-nm skyrmions are stabilized in magnetic metallic multilayers and observed using transmission electron microscopy, magnetic force microscopy, scanning transmission X-ray microscopy and X-ray resonant magnetic scattering. All these advanced imaging techniques demonstrate the presence of "pure" Néel skyrmion textures with a determined chirality. Combining these observations with electrical measurements allows us to demonstrate reproducible skyrmion nucleation using current pulses, and measure their contribution to the transverse resistivity to detect them electrically. Once nucleated, skyrmions can be moved using charge currents. We find predominantly a creep-like regime, characterized by disordered skyrmion motion, as observed by atomic force microscopy and scanning transmission X-ray microscopy. These observations are explained qualitatively and to some extent quantitatively by the presence of crystalline grains of about 20 nm lateral size with a distribution of magnetic properties.
INTRODUCTION
Magnetic skyrmions are two-dimensional (2D) whirling magnetization textures with a specific topological number N sk = ±1, distinct from the uniform ferromagnetic state N sk = 0, with N sk = 1/(4π) S m · (∂ x m × ∂ y m) dxdy, S being the surface of the magnetic texture with local normalized magnetization m. 1 This topological number proper to skyrmions can also been found in magnetic bubbles, but unlike bubbles stabilized by the dipolar interaction and perpendicular magnetic anisotropy only, skyrmions have additionally a fixed chirality and N sk . More stringent definitions of a skyrmion require a point-like core, an aspect that is difficult to probe experimentally, except perhaps with spin-polarized scanning transmission microscopy.
2, 3 Often a chiral exchange interaction is needed in order to stabilize the skyrmion, which can be provided by the Dzyaloshinskii-Moriya (DM) interaction, the antisymmetric analog of the Heisenberg exchange interaction, with Hamiltonian H = D ij · ( S i × S j ) between spins S i and S j , with D ij the DM vector. The DM interaction (DMI) requires spin-orbit coupling and inversion symmetry breaking, the latter being provided by the crystalline structure (e.g. B20) or by interfaces. Interfaces are interesting because they provide possibilities to engineer DMI, varying the materials in contact to the ferromagnetic layer, varying thicknesses, coupling different materials, etc. In our sputtered multilayer films, we observe interfacial DM interaction with D ij pointing in the plane of the films, in a direction orthogonal to the vector pointing from S i to S j . The energy related to such DM interaction is hence minimized for cycloidal spin textures, rather than helical, corresponding respectively to the Néel and Bloch domain wall (DW) textures of specific chirality.
After the first reports demonstrating the presence of skyrmions in single atomic layers at low temperatures (see reviews 4, 5) , several ways of stabilizing these magnetic structures at room temperature (RT) were explored. We concentrate on metallic systems, which seem more relevant for applications. One solution to stabilize a magnetic texture against thermal fluctuations is to increasing the magnetic volume, but in order to keep a strong enough interfacial DMI and interface perpendicular magnetic anisotropy (PMA), the ferromagnetic layer cannot be increased at will. Hence, we grew multilayers coupled by dipolar fields, with each ferromagnetic interface engineered to provide PMA and DMI ( Fig.1(a) ). We concentrated on the Co|Pt interface for which the DMI magnitude can reach about 2 mJ/m 2 (see e.g. 6). However, to avoid the canceling of the DMI interaction in symmetric structures, a third layer needs to be introduced, such as Ir, Ta, or Al 2 O 3 . Indeed, if Co has interfaces with Pt on the top and bottom interfaces, the effective DMI is close to zero, because the DMI emerging at both interfaces have opposite DM vector ( Fig.1(c-d) ). 
SAMPLES: DESIGN, GROWTH AND CHARACTERIZATION
We deposit our films at room temperature by magnetron sputtering on thermally oxidized SiO 2 substrates for most experiments and on X-ray transparent Si 3 N 4 membranes for transmission experiments, namely, scanning transmission X-ray microscopy (STXM) and transmission electron microscopy (TEM). TEM cross-sections of multilayers indicates continuity of the Co layers on large scales ( Fig.1(b) ). This is further confirmed by X-ray low angle reflectivity (Fig.2) , which also indicates that the film thicknesses are close to the nominal thicknesses and that film roughness propagates coherently.
ADVANCED IMAGING TOOLS: REVEALING THE MAGNETIC TEXTURE
3.1 Lorentz-mode transmission electron microscopy TEM in Lorentz mode has been used in order to verify the Néel character of the DW made of Pt|Co|Ir samples: no contrast appears on images at normal incidence, while rotating the sample reveals paired dark and bright arcs aligned along the rotation axis.
9 (Skyrmions were stabilized using the field of the electron beam microscope lenses.) Signal from the center of the DW has not yet been detected, leaving the chirality of the DW undetermined between either clockwise (CW) or counter-clockwise (CCW) Néel. However, the estimated DMI magnitude in this system implies that the chirality must be fixed and that only one type of Néel domain wall should be present.
Scanning transmission X-ray microscopy
In similar samples, we performed STXM imaging at the Co L 3 edge at about 778 eV.
6 STXM technique has the advantage of rather directly measuring the local out-of-plane magnetization m z when circularly polarized light is used in normal incidence: more precisely m z ∝ µ CL − µ CR where µ * are the absorption coefficient for circular left (CL) and circular right (CR) polarization of the photons. Measurements were performed at the PolLux beamline at the Swiss Light Source synchrotron (PSI, Switzerland) with a setup that allows one to apply an out of plane field during the STXM measurement. The magnetization profile can be compared to simulated profiles taking into account the beam shape, 6 or alternatively, can be deconvoluted assuming again a particular beam shape.
10 Such a deconvoluted profile is plotted in Fig.3(b) . We also checked that the skyrmions have similar sizes, with a very weak field dependence above about 50 mT (depending on the sample). Once skyrmions are formed, their sizes (defined by the diameter d sk of the circle with m z = 0) do not vary significantly and exhibit no sizable magnetic field hysteresis (Fig.3(c) ). As we demonstrated before using micromagnetic simulations, 3.3 X-ray resonant magnetic scattering STXM 6 and Lorentz-TEM 9, 11 strongly suggest that all skyrmions have a fixed Néel texture. The remaining question was the sign of rotation of the magnetization through the skyrmions (CW or CCW). Recent experiments using X-ray resonant magnetic scattering ( Fig.4(a) ) at the SEXTANTS beamline (SOLEIL synchrotron, France) allowed us to unambiguously determine the chirality of the DW in our films, 12 in a similar way that was used for thicker films to detect closure domains. 13 Using again circularly polarized light with energy set to the Co L 3 edge, we could observe circular dichroism in the diffracted pattern corresponding to the magnetization of the sample, which were demagnetized to generate labyrinthine domains (Fig.4(b) ). The ring obtained by XRMS with unpolarized light has the same diameter as the Fourier transform of the MFM image, confirming that the magnetic domains are indeed at the origin of the diffraction pattern. We found that the pattern of the diffracted ring in circular dichroism directly indicates the DW texture, without any a priori knowledge of the sample: CW and CCW Néel texture give opposite signal, while Bloch textures are rotated by π/2 compared to the Néel ones.
12
Other advantages of this technique include that the magnetic domains are unaffected by the light, samples are still measurable below several nm of capping layer, insulating samples are imaged as well as conducting ones, no lithography is needed, external magnetic fields are applicable, and measurement times are short (in the range of a few minutes). XRMS could therefore become the method of choice to determine skyrmion chirality, and more generally to measure DW textures. Note however, that in some cases, it also reveals more complexity than one may naively expect, and the corresponding data analysis become more complicated. Low angle X-ray reflectivity (using a laboratory Cu Kα source) of a series of five repetitions samples with nominal composition: P8165 ||Pt10|(Ir1|Co0.8|Pt1)x5|Pt3, P8493 ||Ta5|Pt10|(Co0.8|Ir1|Pt1)x5|Pt3, and P8801 ||Pt11|(Co0.8|Ir1|Pt1)x5|Pt3 (numbers after the elements are thicknesses in nm and || designates the SiO2 substrate, a.u. stands for arbitrary units, θ is the X-ray incidence angle). Experimental data are fitted using X'Pert Reflectivity PANalytical software, which confirms the nominal multilayer thicknesses. 
TRANSPORT MEASUREMENTS: SKYRMION NUCLEATION BY CURRENT PULSES AND ELECTRICAL SIGNATURE OF THE SINGLE SKYRMION
Having now conclusively demonstrated that the skyrmions stabilized in our magnetic multilayers have all a CW (CCW) Néel structure for films in which Co is below (above) the Pt layer, we can ask ourselves about topological effects in the transport properties. In the following, we will first summarize recent results concerning skyrmions nucleation and their electrical signature in Hall cross geometry. We will then discuss the observed motion of skyrmions using current pulses, discuss their disordered motion and finally discuss more generally the motion of such Néel skyrmions in idealized systems.
Combined magnetic force microscopy and electrical transport
At our exploratory stage, having the possibility to "see" skyrmions at the same time as we excite our samples by external magnetic field and charge current is essential for a better understanding of the physical and material properties of these skyrmion systems. Therefore, we developed a setup built around an Asylum Research MFP-3D microscope that allows us to connect the sample, as schematically represented in Fig.5 . Also the connections were not optimized for fast pulses, they still allow current pulses down to about 50-100 ns to be transmitted through the sample. 
Skyrmion nucleation by current pulses and its physical origin
While trying to move skyrmions using current pulses of 100 or 200 ns duration, we discovered 14 that we could nucleate skyrmions above a certain current density threshold, as it was already reported in micro-structures with a particular geometry 15 and as was suggested by numerical simulations 16, 17 ( Fig.6(a-b) ). While often a complex nucleation process related to the spin torque in geometrically constricted circuits are invoked, 15, 16 we have strong indications that the nucleation process in our simple straight tracks is related to a thermal process. First, the thermal stability of a magnetic object or texture is proportional to its volume, and we observed indeed in a series of 1-µm-tracks with variable Co thickness t Co ||Ta15|Co t Co |(Pt1|Ir1|Co t Co )x10|Pt3, that the injected Joule heating energy ∝ J 2 n (where J n is the current density) is proportional to the magnetic volume ∝ t Co (Fig.6(c) ). Note that by linear extrapolation, one can predict the onset of thermal instabilities at a thickness between 0.4 and 0.5 nm, indicating that room temperature is enough to destabilize small magnetic textures as our skyrmions for t Co < 0.4 nm. The estimated temperature rise due to the current pulses is still below the Curie temperature, T c , but may overcome the magnetic anisotropy (changing sign at T < T c ), effectively erasing the out of plane textures. The second indication of the thermal origin of the skyrmion nucleation lies in the dependence of the threshold voltage V n with the repetition rate or the duty cycle η. In a reasonable range of η, wrl the injected power P leads to a steady rate of temperature increase, up to a critical point T n where skyrmions are generated: T n − T RT ∝ P ∝ V 2 n η and hence V 2 n ∝ 1/η as observed in Fig.6(d) . We did not plot J n because of the imperfect impedance matching of the circuit, and the offset corresponding to a in the fit is likely to be related to the final pulse width.
The density of nucleated skyrmions depends on the external magnetic field: the higher the field applied opposite to the skyrmion core, the lower their density. 10 Now that skyrmions can be nucleated at will with current pulses, we can study their contribution to electrical signals in simple circuits such as the one illustrated in Fig.5(d) . 
Electrical skyrmion detection through transverse resistivity measurements
We nucleated different densities of skyrmions in Hall bar structures such as the one pictured in Fig.5(d) , and measured the transverse resistivity ρ xy .
10 From MFM measurements, we can measure the nulber of skyrmions present in the track and correlate it with a change in ρ xy . For our metallic magnetic multilayers with skyrmions diameters of 85 ± 10 nm, we find a linear relationship, leading to a single skyrmion contribution ∆ρ xy = 3.5 ± 0.5 nΩ cm. In B20 materials, it has been reported that topological Hall effect (THE) has an important contribution to ρ xy .
18
We evaluated the expected signal for both this THE and the common anomalous Hall effect (AHE), which is, as we experimentally checked in our metallic multilayers, proportional to the mean m z in the Hall bar. The AHE signal related to a single skyrmion is then simply ∆ρ
3 nΩ cm, where ρ AHE = 360 nΩ cm is the total anomalous Hall effect of the uniform ferromagnetic state, m z | sk = 4/π 2 is the mean m z over the skyrmion area considering the experimental profile by STXM (Fig.3(b) ), a cross and a sk ≡ πd 2 sk /4 are the Hall cross and skyrmion area. The AHE contribution is hence sufficient to explain the observed ∆ρ xy . An upper bound to the THE can be evaluated by considering that electrons keep their phase through the skyrmions and that each of the latter is responsible for a quantum of emerging flux Φ 0 . This means that the elastic mean free path should be of the order of 100 nm, which is most probably a large overestimation. If moreover, one considers a 100% polarization of the conducting electrons (in Co, one expects about 60%), the naive expression of the THE contribution to the transverse resistivity should be ∆ρ THE xy = ρ OHE Φ 0 /a cross ≈ 4 · 10 −3 nΩ cm, with ρ OHE = 2 · 10 −11 Ω m/T the measured ordinary Hall coefficient.
The THE contribution is hence orders of magnitude weaker than the AHE one, which explains alone the observed signal.
10 Irrespective of its origin, this signal allows one to count skyrmions in a "large" 1-µm-wide Hall bar, and gives enough signal to detect single skyrmion in future devices with sizes adapted to accommodate only single rows of skyrmions.
10, 19
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SKYRMION MOTION UNDER CURRENT PULSES

Observation of disordered motion, "depinning" current and mobility
For current densities below the nucleation threshold (which also depends of the pulse width), it has been possible to observe by MFM and STXM the motion of the skyrmions. However, we do not observe a uniform velocity. On the contrary, the trajectories of moving skyrmions are meandering and no clear skyrmion Hall effect is observed, 14 unlike in other systems. 20 We also observe that some skyrmions do not move at all, some move when pushed by another, and finally, some are annihilated or nucleated.
These observations can be well reproduced qualitatively in micromagnetic simulations, where grains with different properties are considered, e.g. with DMI magnitude varying from one grain to the other. To perform these simulations, we used MuMax3 21 considering a perpendicular spin current, i.e. in a spin Hall effect configuration. The effect is qualitatively the same for any grain-to-grain varying micromagnetic parameter that we studied: exchange, PMA, DMI and magnetization, or thickness (assuming purely interfacial PMA and DMI). 14, 22 Note that similar results were also obtained for a particle-based model with pinning sites. 23 We can even find a quantitative match with experiments, but for sets of parameters (magnitude and dispersion of the grain-to-grain magnetic properties) that we cannot verify yet. Below a current threshold, we can observe the same phenomena than by MFM: for example, in the case of DMI variation ( Fig.7(a) ), skyrmions can be trapped in a grain of large DMI, will move around low DMI grains, sometimes will get stuck at some grain boundaries and then freed by another skyrmion. The resulting average velocity is lower than at single grains, and the skyrmion Hall effect disappears. At large enough currents, the skyrmions recover a "flow" motion with straight trajectories and display a skyrmion Hall effect as expected. Interestingly, even at extremely large currents (> 4 TA/m 2 ), they do not recover the same velocity v than skyrmions in homogeneous media, but they regain the same mobility µ = dv/dJ.
14
The transition from a creep-like regime (the process is distinct from that occurring in DW motion) to the flow regime occurs at a current density J 0 , which varies with the grain size. In fact, as displayed in Fig.7(b) , the current density required to exit the creep regime is maximal when the grain size matches the skyrmion diameter. The grain sizes observed in our films by normal incidence TEM show a log-normal size distribution centered at about 4 nm, one order of magnitude smaller than the observed skyrmion diameter. However, larger grains corresponding to the skyrmion size exist at the tail of the distribution and might constitute the "pinning centers" observed in MFM. 
Size and velocity: a theoretical and numerical perspective
What controls the velocity of skyrmions, besides inhomogeneities and defects? We start from the Thiele equation
where G is the gyrovector, α is the damping, D is the damping tensor, and F is the sum of the external forces. We consider here the force related to the damping-like torque generated by the spin Hall effect on a perfectly Néel skyrmion F ≈ J s π 2 d sk /2 in the limit of d sk ∆, ∆ being the DW width and J s the injected spin current. In these limits, one finds that the skyrmion Hall angle varies as 4∆/(αd sk ) and the velocity is proportional to d sk J s to first order of approximation.
We could verify this analytic approach by micromagnetic simulations in which the skyrmion size is modulated by field and DMI magnitude. In Fig.7(c) , we trace the velocity as a function of the diameter of the skyrmion in the case where the repulsion force of an edge is also considered. This situation is the one found in tracks. It is found that the skyrmion velocity scales with size, independently of the details of the micromagnetic parameters used in the simulation. Even if the skyrmion size is reduced due to the final size of the track, the same scaling is observed.
The consequence of this observation is that smaller skyrmions are expected to be slower. However, having skyrmion race-track application in mind, this is not an obstacle, as the expected reading rate will scale as v/d sk ≈constant, d sk giving the linear density of information.
CONCLUSIONS AND PERSPECTIVES
The quest for magnetic skyrmions in metallic magnetic multilayers started only half a decade ago, but the progress achieved thus far has been tremendous, from stabilization of skyrmions at room temperature to controlled nucleation and motion. While magnetic random access memories might well replace the usual SRAM and DRAM in a few years from now, skyrmion-based race-tracks, thanks to their three-dimensional architecture potential could provide the replacement for hard disk drives or flash memories for high density data storage. This would be the second spintronics technical breakthrough after the discovery of the giant magneto-resistance. In this article, we reviewed our recent efforts to progress towards this goal, but also to unravel the fundamental properties of skyrmions and the associated Dzyaloshinskii-Moriya interaction.
